We perform an investigation on the spin relaxation for n-type ZnO (0001) quantum wells by numerically solving the kinetic spin Bloch equations with all the relevant scattering explicitly included. We show the temperature and electron density dependence of the spin relaxation time under various conditions such as impurity density, well width, and external electric field. We find a peak in the temperature dependence of the spin relaxation time at low impurity density. This peak can survive even at 100 K, much higher than the prediction and measurement value in GaAs. There also exhibits a peak in the electron density dependence at low temperature. These two peaks originate from the nonmonotonic temperature and electron density dependence of the Coulomb scattering. The spin relaxation time can reach the order of nanosecond at low temperature and high impurity density.
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I. INTRODUCTION
Much attention has been devoted to the spin degree of the freedom of carriers in the zinc oxide (ZnO) with wurtzite structure in the last few years, 1 partly because of the very long spin relaxation time (SRT) 2,3,4 and the prediction that ZnO can become ferromagnetic with a Curie temperature above room temperature if doped with manganese. 5 However, only few works investigate on the spin dynamics properties of ZnO: Experimentally, Ghosh et al. 2 investigated the electron spin properties in n-type bulk ZnO and discovered the electron spin relaxation time varying from 20 ns to 190 ps when the temperature increased from 10 to 280 K. Liu et al.
3 measured the SRT in colloidal n-type ZnO quantum dots could be as long as 25 ns at room temperature by electron paramagnetic resonance spectroscopy. Theoretically, Harmon et al. calculated the SRT in bulk material in the framework of a single-particle model. 6 However, a theoretical investigation on the SRT in quantum wells (QWs) is still rare, which is our task in the present paper.
The spin relaxation can be induced by the following mechanisms: (i) D'yakonov-Perel'(DP) spin relaxation mechanism, 7 which is revealed to be the dominant mechanism in n-doped semiconductors. 8, 9 For n-doped ZnO QW, the spin-orbit coupling (SOC) is at least one order of magnitude weaker compared with that of the well studied semiconductor GaAs 10,11 , a simple estimation shows that the criterion of the strong scattering 9 is always satisfied even the momentum scattering is also weaker than that in GaAs due to the larger effective mass m * . Therefore the DP mechanism here can be described by the motional narrowing picture 12 qualitatively and the induced SRT is (ii) Elliott-Yafet mechanism. 19 The revised criterion in Eq. (22) of Refs. [8] gives Θ ≈ 340 eV, which means the Elliott-Yafet mechanism is negligible compared with the DP mechanism 6 due to the small spin split off energy, the large band gap, and the large m * . (iii) Bir-Aronov-Pikus mechanism, 20 which is always unimportant in n-doped semiconductor.
8,9 Therefore, we only investigate the SRT induced by the DP mechanism for n-type ZnO QWs in the following.
In this paper, we quantitatively calculate the SRT for n-type ZnO QWs by using the fully microscopic spin kinetic Bloch equation (KSBE) approach, which has been successfully used in investigating the spin relaxation in QWs 9, 13, 14, 15, 21 and in bulk semiconductors. 8, 22 With all the relevant scattering included, the influence of temperature, electron density, impurity density, well width and electric field on the SRT are studied detailedly. The temperature and density dependence of the SRT is shown to be nomonotonic, and we find that the SRT increases with the electric field monotonically. This paper is organized as follows: In Sec. II we describe our model and the KSBEs. Our numerical results are presented in Sec. III. We conclude in Sec. IV.
II. MODEL AND KSBES
We start our investigation from a n-doped ZnO QW of well width a grown in (0001) direction, considered to be z axis. Due to the confinement of QW, the momentum states along z-axis is quantized by subband index n. With the momentum vector k = (k x , k y ) and the spin index σ, the electron Hamiltonian can be written as
m * is the energy spectrum, R = (x, y) is the position, the effective magnetic field given by the Rashba due to the intrinsic wurtzite structure inversion asymmetry and Dresselhaus SOC can be written as:
with α e , γ e and b standing for the SOC coefficients. k
is the subband energy in a hardwall confinement potential. The scattering Hamiltonian H I includes all the scatterings, such as electronnomagnetic impurity scattering, electron-phonon scattering, and electron-electron scattering.
We construct the KSBEs in the collinear statistics by using the non-equilibrium Green function method as follows:
13,14,15,23,24
The density matrix ρ k for momentum k is a matrix with matrix elements [ρ k ] n1σ1;n2σ2 which include all the coherence between different subbands and different spins. The second terms on the left-hand side of the kinetic equations describe the electric field E driven effect. ∂ t ρ k | coh is the coherent term. ∂ t ρ k | scat denotes the scattering, including the electron-impurity, the electron-phonon, as well as the electron-electron scattering. The expressions for these terms are given in Appendix A. Before we give our numerical results, the qualitative analysis of the DP mechanism due to the electronelectron scattering can be made at strong scattering limit. The perturbation theory shows the effective electron-electron momentum scattering time τ ee p in degenerate and nondegenerate limits satisfies
which has nonmonotonic temperature T and electron density N e dependence as the electron gas undergoes the transition from the degenerate case to the nondegenerate case at the Fermi temperature T F . As the SOC in ZnO QWs mainly depends on k linearly, the inhomogeneous broadening is given by
Then by Eq. (1), the electron-electron scattering contributes to the SRT τ as
The SRT is expected to reach a minimum in T dependence or a maximum in N e dependence, and the location of the extreme points satisfie T ≈ T F .
III. NUMERICAL RESULTS
We numerically solve the KSBEs for the spin density matrix ρ, from which we obtain the time evolution of the spin polarization along z-direction:
where N e is the total electron density. The SRT τ is extracted from the exponential decay of the envelope of P z (t). The initial condition at t = 0 is taken to be
Here
gives the FermiDirac distribution. The spin dependent chemical potential µ σ is chosen to satisfy P (0) = 2.5%. The electron density and the quantum well width are taken as N e = 4 × 10 11 /cm 2 and a = 10 nm respectively unless otherwise specified. All used parameters are listed in Table I. In the calculation, only the lowest two subbands are taken into account. 
A. Temperature dependence
We now study the temperature dependence of the SRT presented in Fig. 1 for different impurity densities. The results are similar to that in GaAs QWs 9,29 and can be understood as follows: (i) The SRT always increases with the impurity density N i . It is because the system is in the strong scattering regime as stated above due to the weak SOC, thus the spin relaxation can be explained by the motional narrowing picture qualitatively 9, 12 , and the additional scattering leads to longer SRT. (ii) The electron-phonon scattering is shown to be negligible over the whole temperature regime by comparing the temperature dependence of SRT with (solid curve with ) or without (dashed curve with ) the electron-phonon scattering for the impurity free case in the same figure. (iii) The SRT presents a peak at very low N i . In these cases, the electron-electron scattering is the dominant scattering, therefore, as shown in Eq. (6), the SRT shows a maximum and the transition temperature T F for N e = 4 × 10 11 /cm 2 is about 44 K, which is agree with our numerical results. (iv) When the impurity density is high enough such as N i = N e , the SRT decreases monotonically with T . In this case the total scattering is mainly determined by the impurity scattering, which depends weakly on the temperature. However, the inhomogeneous broadening from the DP term increases with the temperature, and results in shorter SRT.
For GaAs QWs, the temperature peak of the SRT can only be observed at low electron density (i.e. low transition temperature) and low impurity density 9, 29 , because the electron-phonon scattering becomes strong enough to destroy the nonmonotonic T dependence of the scattering time induced by the electron-electron scattering. Such case can be avoid in ZnO QWs, in which the electronphonon scattering is always pretty weak due to the large optical phonon energies (∼ 800 K). Thus the temperature peak can be found even for high electron density samples. One can easily find from the chained curve in Fig. 1 , which is calculated with parameters N e = 10 12 /cm 2 and N i = 0, that the peak moves to T ∼ 100K. Therefore, the high mobility ZnO QW is a good system for studying the electron-electron scattering.
B. Doping and well width dependence
Then we investigate the density dependence of the SRT at different temperatures and impurity densities. In Fig. 2 (a) we plot the SRT as a function of the electron density with T = 20 K. One can see that for the low impurity density case, the SRT reaches a maximum at N e ≈ 2 × 10 11 cm −2 , which has been pointed out in n-type bulk III-V semiconductors 8, 22 . It originates from the transition from the nondegenerate electron gas to the degenerate electron gas and can be well explained by Eq. (6). Our calculation gives the transition density of 2 × 10 11 cm −2 , corresponding T F ∼ 22 K, close to the lattice temperature of 20 K. For the case of N i = N e , the electron-impurity scattering time has the same N e dependence as that for electron-electron scattering: in the nondegenerate regime,
q changes little; in the degenerate regime,
e . Consequently, the peak still exists and is almost at the same position. In comparison, the SRT as a function of N e with T = 300 K is plotted in Fig. 2 (b) . In this case, one finds that the SRT increases monotonically with N e . This could be easily understood for that T F ≪ T is satisfied and it is in the nondegenerate regime, in which the SRT increases with density as discussed above.
We further show the effect of quantum well width on the spin relaxation. In Fig. 3 the SRTs versus temper- ature at well widths a = 10 nm and 20 nm are plotted respectively. Both the SOC and the scattering 17, 18 depend on the quantum well width. However, comparing to the weak well width dependence of the scattering, the fast decrease of k 2 z in the DP term with a dominates and so the SRT increases with well width.
C. Electric field dependence
Then we investigate the electric field dependence of the SRT at different temperatures and impurity densities. In Fig. 4 we plot the SRT as a function of the electric field for different T . The electric field is applied along the x axis. One can see that the SRT increases monotonically for both low temperature and high temperature cases. According to the previous investigation 15 , the electric field will enhance both the momentum scattering due to the hot-electron effect, and the inhomogeneous broadening due to the drift of the electron distribution to larger k states. These two effects are competing effects for the SRT: the former tends to enhance the SRT while the later tends to suppress it. 15 For SOC with linear k dependence, the hot-electron effect dominates, 8 thus the SRT always increases with E.
IV. CONCLUSION
In conclusion, we have investigated the spin relaxation for n-type ZnO (0001) QWs by numerically solving the KSBSs with all the relevant scattering explicitly included. It is shown that the electron-phonon scattering is pretty weak in ZnO QWs, while the Coulomb scattering always plays an important role. Therefore the ZnO QW is a good carrier to study the electron-electron scattering. We find there exists a peak of SRT both in the temperature dependence for a given electron density at low impurity density and in the electron density dependence at low temperature. Both these two peaks originate from the different temperature and electron density dependence of τ ee p in degenerate and non-degenerate case. Compared with the same effect in III-V semiconductor, 8, 9, 22, 29 this peak position can occur at the temperature as high as 100 K and is easier to observe in experiments due to the weak electron-phonon scattering. When the impurity density is high, the peak in the temperature dependence disappears and the SRT decreases with temperature monotonously. Moreover, the peak in the electron density dependence moves to larger electron density which is beyond the scope of our interest when the temperature is high. We also investigate the hot-electron effect and show that the SRT always increases with the electric field. It is also shown that the SRT reaches the order of nonosecond at low temperature and high impurity density.
Here we write the expressions for the coherent terms and the scattering terms in the kinetic Bloch equations. The coherent terms in Eq. (3) can be written as
where [A, B] = AB − BA denotes the commutator.
[E e (k)] n1σ1;n2σ2 = E n1σ1σ2k δ n1n2 . The Coulomb HartreeFock term, which is always negligible for small spin polarization, 14,21 is also included. The form factor I qz is also a matrix with matrix elements
The statically screened Coulomb potential in the random-phase approximation (RPA) reads
The scattering terms in Eq. (3) can be written as ∂ t ρ k | scat = ∂ t ρ k | im + ∂ t ρ k | ph + ∂ t ρ k | ee in the Markovian limit with 
in which [T n1 ] n,n ′ = δ n1,n δ n1,n ′ and Q ′ = (q x , q y , q −1 are the matrix elements of the electron-phonon interaction and the Bose distribution function respectively. ω Q,λ is the phonon energy spectrum. For the electronphonon scattering, we only include electron AC-phonon scattering, for which the explicit expressions can be found in Refs. 25 and 26. The electron-optical phonon scattering is ignored for that the optical phonon energies are around 70 meV and are out of our temperature range.
